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Data Exchange Standards 
Geometric Data Transfer Between CAD 
Systems: Solid Models 
-\U" 0 I. Kroszynski, Bjame Palstroem, and Erik Trostmann 
T h e  continuous and rapid growth of the CAD/CAM 
community has intensified the need for communicating 
data between different CAD systems as well as from 
CAD to such CIM areas as analysis, manufacturing, and 
quality assurance. The diversity of CAD equipment and 
installations, the ever-increasing complexity of products 
modeled, and the multitude of individual computer- 
Technical University of Denmark 
Emst G. Schlechtendahl 
Kernforschungszentrum Karlsruhe 
aided applications make fully realizing the potentials of 
integrated design, analysis, and production very dif- 
ficult. 
Leaving aside the topics associated with electronic 
data transmission, we focus on the translation of digital 
representations of geometric models and associated 
information in CAD environments to and from neutral 
representations, which we call CAD interfaces. In par- 
ticular, we concentrate on a proposal for solids devel- 
oped by CAD*I. 
Numerous attempts to provide flexible, yet stable 
methods of product data transfer have resulted in quite 
a few practical interfaces. Several protocols for the trans- 
fer of CAD data are currently being employed with more 
or less success. The best known internationally is the Ini- 
tial Graphics Exchange Specification (IGES) 1.0, which 
became the central part of the ANSI Y14.26M stan- 
dard.' As the name suggests, IGES was originally meant 
for the transfer of drawing data, although it eventually 
evolved to handle more general product information. In 
practice, IGES 2.0,3.0, or 4.0 is used as the reference for 
most commercial processors. Other protocols-for 
example, VDAFS in Germany' and SET in 
France3-have also become national standards success- 
ful in the range of their applicability. 
Proposals to introduce solid model descriptions com- 
plying with IGES have been d e ~ e l o p e d ~ , ~  for the most 
popular representation methods, namely constructive 
solid geometry (CSG) and boundary representation (B- 
rep). The major ideas of these efforts were incorporated 
in Chapter 5 of the ANSI standard.' CSG solid 
representations are included in IGES 4.0, and incorpo- 
ration of B-reps in Version 5.0 is planned. Wilson has 
traced the history of these developments.6 
A procedural interface for solid model transfer, the 
Application Interface Specification (AIS), as well as 
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translators between AIS and the Experimental Uound- 
ary File of CAM-I," were published only a few years 
ago.' The Product Data Definition Interface (PDDI)" 
includes B-reps. A new version of the French SET is cur- 
rently under development. Other ongoing projects in this 
area are the Product Data Exchange Specification 
(PDES)" and the European Strategic Program for 
Research in Infortnation Technology, ESPRIT Project 
322,  CAD Interfaces (CAD*I).'" 
CAD*I was initiated in 1984. The project aims at 
rationalizing the European efforts to search for unified 
tools arid methods of transfer of product information. 
CAD data transfer was recognized as one of the key 
research and development areas of the project for two 
reasons: It  is vitally important in Europe's typically inter- 
leaved structure of small and large companies, often in 
different countries, which participate in industrial prod- 
uct design. Also, current standards are limited in capa- 
bilities or efficiency. 
Among the eight task groups, Workinb Group 2 (WGZ) 
deals with the transfer of solid models (see Figure 1). This 
group is composed of members from rc search institu- 
tions and engineering firms in Denmark, West Germany, 
Great Britain, and France. Some of the goals of WGZ are 
to specify a neutral file format for the transfer of solid 
models, and to develop preprocessors and postproces- 
sors for a number of representative commercial CAD 
solid modeling systems. A further goal of the CAD'I 
project as a whole is to contribute to standardization 
activities nationally as well as internationally \ria ISO. 
An important early task in WG:! was to select and 
define a language and the structure of the neutral file, so 
as to be able to express attributes, properties, and enti- 
ties, as well as the associations among them. These rela- 
tions are, by the nature of CAD data, partly hierarchical 
and partly of the networklike "many-to-many" type. 
Rules for the structure and syntax were worked out and 
Figure 1. CAD*I project overview. 
adopted by all working groups. Complying with those 
rules, each xvorking group defined the keywords and 
semantics for the entities and associations particular to 
its area of application, in a so-called reference scheme. 
Some properties of the CAD*I neutral file structure 
and language will be outlined in this article, following 
the scheme for solid models, as released in Version 2.1 
ofthe CAD*I specification." A section with the results 
of solid model transfer via CAD*I neutral files in 
and intersystem tests illustrates the feasibility of the 
approach. 
The experience gained from these tests, as well as dis- 
cussions within CAD'I and the IS0 technical coinmu- 
nity, have led tu some modifications and general 
upgrades. These, together with a comprehensive set of 
wireframe and surface model entities, have been incor- 
porated in Versions 3.2 and 3 . 3 , " ~ ' ~ '  which merge the 
contributions of Working Groups 1, 2. and 3. These ver- 
sions correspond to a reference scheme for CAD geom- 
etry data, rather than being restricted to solids. For 
geometry a top-do\vn approach was selected, so 
wireframes become a subset of tho entities defined for 
solids. The merging demonstrates the viability of this 
approach. 
The different representations of solids 
The widespread use of solid modeling in CAD f'or 
mechanical engineering has brought maturity and sta- 
bility to the diverse techniques and algorithms. Kather 
than converging to a unified method. many internal dig- 
ital representation nietliods exist, each one with its pros 
and cons. Therefore, the neutral medium has to he 
general en o U g ti to a c co ni in  o d a t e many d i f fe ro 11 t 
representations. Keadirig information from a neutral for- 
mat file into d particular CAD system (postprocessing), 
implies sorting out the portion ofthe file that the system 
can understand arid trying to resolve the rest in  the best 
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Figure 2. (a) CSG representation of a solid body, (b) basic primitives, the unbounded half-space, and 
sweep primitives supported in the specification. 
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Figure 3. (a) The concept of a boundary representa- 
tion, (b) the underlying structure to be recorded. 
possible way, in terms of its own entity types. 
In the CAD*I specification, three of the most common 
representations of solids are supported: 
CSG, in which objects are represented by binary tree 
structures (see Figure 2 ) .  The nodes represent corn- 
binations of other nodes or leaves via the (regularized) 
Boolean operators union, intersection, or difference. 
The leaves are elementary building blocks, instances 
of primitive solid bodies. 
0 B-rep, in which a solid object is recorded as the col- 
lection of its bounding faces. The surfaces cor- 
responding to these faces intersect along curves 
which, in turn, meet at points (Figure 3 ) .  
0 Polyhedral representation, a particular case of B-rep, 
in which all surfaces are planar and all curves straight 
segments. The only geometric information recorded 
is point coordinates. The topological information 
builds the correct sequences of these points. 
In principle, the specification allows for a B-rep or a 
polyhedral solid to be a leaf in a CSG tree. In practice, 
no CAD system until now, to our knowledge, supports 
such a feature. Moreover, the specification supports 
"hybrid" models, in which both a CSG construct and its 
(evaluated) structure in the form of a B-rep exist simul- 
taneously. 
Such representations as cell decomposition'" and 
octreesl' are not supported in the specification, since 
they are not in wide use in commercial systems aimed 
at mechanical engineering applications. Moreover, none 
of the partners in the CAD*I project has a CAD system 
based on these representations. 
CAD S Y S T E M  - 1 CAD SYSTEM - 2 
"SE NO ER" "RECEIVER" 
C S G  
ORIENTED ORIENTEO 
ORIENTEO ORIENTED 
DATABASE DATABASE 
1- STANDS FOR REALIZABLE TRANSFERS: 
CSG -CSG 
CSG ----C 8-REP x 
8-REP -B-REP 
I <  . 
PREPROCESSOR 
NEUTRAL 
m VIA AN "fVALUAT0W MOOULE 
ASSWED TO BE BUICT-M N 
CAD SYSTEM - 1 AND / OR 
CAD SYSTEM - 2 a 
N E U T R A L  FILE F O R  SOLIDS 
BRA- 
TECHNOVISION 
C S G  B-REP 
ROMULUS 
b 
Figure 4. (a) Realizable transfers of solid model data 
between CAD systems, (b) cycle and intersystem tests 
within the project's scope. 
The realizable exchange of solid geometry information 
via a neutral description is illustrated in Figure 4. Pro- 
totype pre- and postprocessing progranis were devel- 
oped for a number of CAD systems. The programs take 
advantage of the input and output capabilities of each 
system. All of the selected systems accept some form of 
CSG input language. Only two, however. have CSG- 
oriented internal data structures. One of the systems 
(Euclid) is hybrid; in other words, it keeps both CSG arid 
B-rep internal representations of models. Although it can 
send both types, it can receive only CSG-based niodels 
via a neutral format. 
The consistency of CAD *I neutral files 
The diverse neutral files defined by the CAD*I task 
groups deal with different aspects of CAD and different 
applications. However, similar entities are rep res en t ed 
in a consistent way. This applies, for example, to geom- 
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Table 1. Entities in the neutral file for solids (Version 
2.1) (an asterisk indicates an entity with scope). 
Grouped combined elenentrry 
WORLD’ 
HYBRID-SOLID’ 
ASSEMBLY’ 
COMPONENT 
CONSTRUCT’ 
BOOLEAN 
BOX 
SOLID-SPHERE 
SOLID-CYLINDER 
TRUNCATED-CONE 
TRUNCATED-PYRAMID 
REGULAR-PRISM 
SOLID-TORUS 
PLANAR-HALFSPACE 
LINEAR-SWEEP‘ 
ROTATIONAL-SWEEP’ 
COMPOUND-B-REP’ [ + )  
B-REP’ 
REGION 
VERTEX 
EDGE 
LOOP 
FACE 
SHELL 
POLYHEDRON’ 
POLY-LOOP 
POLY-FACE 
wireframe entities 
POINT 
LINE 
CIRCLE 
BOUNDED-CURVE 
Surface entities 
PLANE 
CYLINDER 
Auxiliary entities 
INTEGER ]variables 
REAL 
DIRECTION 
VECTOR 
PLACEMENT 
External references and other CAD information 
PART-LIBRARY 
RECORD 
RECORD-TYPE 
ROUT-LIBRARY 
ROUTINE’ 
MCRO 
FORML-PARAUETER 
( + ) T h e  COMPOUND-B-REP was tentatively introduced as an experimental 
entity. It describes a B-rep solid divided in “regions” with different properties 
as needed for some finite-element applications. 
etry defined for a finiteelement neutral file, a neutral file 
for solids, or a neutral file for wireframes. Such auxiliary 
entities as transformations, general attributes as 
associated properties, and underlying mechanisms as 
referencing have identical formats in any neutral file. 
Features of the reference scheme for a 
CAD*I neutral file 
As any structured collection of information, the pri- 
mary components in the neutral format are entities. 
Describing the exact syntax of how the different entities 
should actually be written in the neutral file is outside 
the scope of this article. However, we present a tabular 
overview of the entities considered in Version 2.1 of the 
proposal, more or less grouped in classes (see Table l), 
as well as some of the underlying guidelines. A more 
complete description can be found in the CAD*I 
literature.” 
Although quite outdated after the release of Versions 
3.2 and 3.3, the table is still representative for the pur- 
poses of this article. 
W O R L D  
CSG POLY- 
&REP CONSTRUCT HEORON 
ASSEMBLY 
CSG P O L Y -  
-REP CONSTRUCT HEORON 
SG CONSTRUCT 
POLY-  I 
PRIMITIVE 8-REP HEORON 
I 
ASSEMBLY 
D ASSEMBLY 
CSG 
CONSTRUCT 
U 
ASSEMBLY 
Figure 5. An example illustrating the scope of the 
reference scheme. 
Scope of entities 
The proposal provides for various types of hierarchi- 
cal relationships among the entities. Probably the most 
important one is represented by the scope aspect, which 
represents the “is-known-in” relationship. Although 
scoping is a well-known concept in modern program- 
ming languages, it is less common in data structures. 
The scoping principle (sometimes called “block struc- 
turing’’) describes the fact that certain entities can be 
accessed only in a certain environment. This allows indi- 
vidual entities to be grouped together to some higher 
level entity. On the next higher level they can be handled 
only collectively as a single block. If access to details is 
necessary, provisions are made for a procedural interface 
to enter the scope of the block and investigate all the con- 
stituents. The outermost block is represented by the 
world entity, which may be considered as the complete 
contents of a CAD database (see Figure 5) and includes 
in its scope all other entities. 
Scoping constitutes an important difference between 
CAD*I and other approaches (though the concepts of 
“block” and “subblock” in SET may be regarded as a 
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restricted form of scopiiig). It enables the transfer of (:er- 
tain behavioral features of a model. besides the geome- 
try, and  a formal treatment of operations on blocks of 
entities that have a meaning in the context of another 
Another 1iierarchic:al structure represents the “is-part- 
of” relationship and allows the grouping of technical 
objects. ’I’he leaves of this structure are the component 
entities, to which a geometric shape is associated (B-rep, 
CSC construct, etc.). Components may be grouped to 
form the cissernblj, entities. Assemblies and components 
can further be grouped to larger assemblies. Each such 
object can be assigned nongeometric attributes. for 
example, material properties or user names. 
Relations 
The definition of some entities often necessitates refer- 
ence to other entities. Referencing is allowed only to enti- 
ties defined i n  the scope of some enclosing entity. 
Moreover, properties and relationships must belong to 
the same scope as the entities that they reference. This 
design criterion enables mapping of each clause in the 
neutral file onto a procedure and considerably eases the 
task of postprocessors. To understand some of the 
referencing capabilities, consider a sphere of radius 2 
centered at (3,4,5). Although simplified and not strictly 
valid from the syntactical point of view, the following 
descriptions illustrate how the neutral file can accom- 
modate different definition structures, when found in 
the sending CAD environment: 
one:. 
1. SOLID-SPHERE (#27: POINT (3,4,5), 2);  
2 .  POINT(#26:3,4,5);SOIJD-SPHERE(#27: # 2 6 , 2 ) ;  
3. REAL (#25:  2 ) ;  POINT (ft26: 3.4,s); 
SOLID-SPHERE (#27:  #26, #25); INDEXENTRY 
(‘RADIUS’, #25; ‘CENTER’, #26; ‘BALE, # 2 7 ) ;  
In the example above, #25, #26, and #27 are just neutral 
entity names. The real entity in case 3 hints at one of the 
underlying mechanisms for the description of paramet- 
ric parts. The parameter radius is, in fact, a variable that 
has the value 2 at transfer time. In the same example, the 
index-entry attribute list relates user-defined names to 
the entities, so this information is retained as well. 
The semantic differences between the three cases in 
the above example should be noted. While the graphical 
representation is identical, the behavior following cer- 
tain operations on a CAD system is different for each 
case. Such different behavior in a sending system can in 
fact be conveyed to a receiving system via the CAD’I 
neutral file. 
In case 1, the sphere is a completely self-describing 
primitive. It does not depend on any other data. In cases 
2 and 3, the sphere is centered around a point with neu- 
tral name #26. I f  the point is accessible to operator 
actions, say shifting to another location, the sphere 
would follow it as an intended side effect [as would all 
other entities that also depeiid on point $26) .  M’ilson 
named this concept “referential geometry.” ‘ I ’  Similarly. 
i n  case 3, a IICM’ value could be assigned to the variiihl(! 
radius (neutral name #25), which xvould implicitly 
change the sin: of the spherc (and all othw cntities also 
depending on entity #25)  consistently. 
The example illustrates that concentrating on  thc 
graphic aspects of‘CAD data structures (as was done in 
thr: initial ICES ivork), or on the static geometric; shape 
alono. leaves essential parts of CAD models unmapped 
and is therefore likely to lead to unsatisfactory results. 
We point out that even if information of the type i n  
ciise 3 were present in the sending CAD system database 
and mapped onto the neutral file without dissipation, its 
use in the receiving CAD environment can he realized 
only if the following is true: 
0 The receiving CAD system supports similar features. 
0 The postprocessor program performs a thorough 
translation . 
0 A set of directives specifying the allowed operations 
on each cntity accompanies the neutral file. ‘l’hese 
directives are intendeu for the designer on the receiv- 
ing side and are transferred via “neutral letters,” a s  
outlined later on. 
External references 
Most references in a neutral file will be internal to enti- 
ties that are transferred on the same file. A complete 
design, howeirer, often spreads over various CAD data- 
base files as well as shared libraries of frequently used 
parts. Consequently, external references must be allowed 
to entities not transferred on the same neutral file. 
These are assumed to reside already i n  the receiving 
CAD environment. probably as a result of previous trans- 
fer events. Furthermore, the scheme supports references 
to entities in libraries, with the understanding that 
resolving these part library references is deferred until 
they are used in the receiving CAD system. The basic 
mechanism for mapping external references in a neutral 
file is user-defined names and accompanying directives. 
Parametric design 
The ability to represent a family of objects similar i n  
their geometric shape or in a functional sense is called 
“parametric design.” The term means different things 
in different contexts. We have taken up the concept as 
being ultimately an issue of referencing. From this point 
of view, the transfer of parametric models is supported 
in the specifications on three levels. 
Library parts 
An external reference can be resolved by assigning 
different actual library parts to the given reference. This 
allows realization of an assembly with alternative ver- 
sions of an externally referenced subassembly, as 
sketched in Figure 6. When the neutral file is read into 
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Figure 6. External references and 
parametric design. Before the 
postprocessed file is used, 
one of the two libraries shown 
must reside in the receiving CAD 
system. 
, 
NEUTRAL FILE REPRESENTING 
A CAR MOTOR LAYOUT WITH 
AN EXTERNAL REFERENCE TO 
A LIBRARY COMPONENT T X  IN 
PART LIBRARY AIR FILTERS 
the CAD system, the external reference should be bound 
to one of the alternative libraries by the user. 
Macros and routines 
The way an object is modeled can be determined by 
invoking a macro sequence of CAD system commands, 
or perhaps a program made of user-written routines and 
a collection of CAD system database-access routines. 
Both methods use variables whose values can be 
changed, influencing the geometric shape of the con- 
struction. These macros and/or routine calls can be 
mapped onto the neutral file as external references to 
macro or routine libraries, to the extent they were 
recorded as such in the sending CAD system’s database. 
The transfer of the contents of these types of libraries is 
not handled in the neutral file. However, the CAD*I file 
envelope concept allows the transfer of the source code 
of such routines and other information in the special 
“neutral letter” file format, together with the neutral files 
for solids. 
The numerical entity 
With this feature, entities of type integer and real var- 
iable are recorded in the neutral file. In contrast with 
case 3 in the example above, the full definition of these 
entities consists of the following attributes: 
0 a (neutral) name 
0 a mathematical expression involving constants and 
0 avalue 
0 a [logical) flag indicating whether the value at trans- 
probably references to other variables 
mission time is consistent with the result of the 
expression when evaluated with the current values 
of the other variables 
0 a mode indicating whether the value should be 
updated at evaluation time when needed (e.g., at dis- 
play time) or immediately after a parameter value is 
changed. 
A variable might be just a parameter, in which case the 
expression becomes a constant and the flag indicates 
consistency. The indeuntry mechanism associates neu- 
tral names to the user names as encountered in the send- 
ing CAD system’s database. Once transferred into the 
receiving CAD system, the parameters can be addressed 
by the designer and their value modified, influencing the 
geometry. If the receiving system does not have this capa- 
bility, the values of the variables can still be read from the 
neutral file and (inconsistent) expression results com- 
puted accordingly. At least a “static” model can eventu- 
ally be recovered after substituting the references with 
their values. In most places where real (or integer) cons- 
tants should appear, the specification allows a reference 
to a corresponding numerical entity instead. 
The above three referencing mechanisms add a great 
deal of flexibility in the transfer of parametric models of 
moving machine parts, features not usually covered in 
other transfer protocols. 
User records 
User records are provided as a way for escaping when 
necessary from the restrictions imposed by the specifi- 
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PRODUCTS 
ASSEMBLIES 
SUBASSEMBLIES 
COMPONENTS 
3.  Three-level assembly structure in the hierarchy 
rz,orld/ (1 sst: 111 b I ~ ~ / c o  m pon e n  t 
F d l  assembly structure (tvith unlimited levels 
of nesting). A possible hierarchy for product 
description is shown in Figure 7 .  
8 .  
Lp:  capability for parametric models and macros 
0. 
'la. Variables only, no macros 
111. Macros only 
2. 
No variables, no macros. All numeric data art? 
con st ant n U m tier s 
Full parametric capabilities, also routine 
Lr: capability for external references 
0. No external references supported 
1. 
2.  
References to library parts only 
References to external worlds only Figure 7. A possible hierarchy in product definition. 
A full eight-level hierarchy might be world/product 
familylproductldesign version/assem bly group/ 
assembly/su bassemblylcomponent. 
3. Full external referencing capabilities 
cation. They are similar to thc t1ec:laralion section i n  
PDES and bear some resemblance to the propert), eiilil!, 
in ICES. 
LJser records are not semantically known in the refer- 
ence scheme. They can be accommodated there for stor- 
ing information that is to be associated with entities but 
is to be interpreted by special programs. User records 
can contain data of types integer, real, logical, and string. 
This mechanism \vas ~ised to represent the "contour 
element" concept not covered in Vcrsion 2.1 of CAD"1 
for i nip lenien t ing swept \ d u  me 1) r i i n  i t ives in processors 
for Bravo3 and 'I'echnovision. 
Levels of scheme implementation 
(Version 2.1) 
The implementation level of particular preprocessors 
and postprocessors must be able to support certain con- 
sistent subsets of the full scheme. The allowable subsets 
are characterized by four levels: 
Lg: geometric modeling capabilities 
0. Only 2D wireframes 
I. 3D wireframes 
2. Surface models 
3a. Solid models, CSG only 
3b. Solid models, polyhedral only 
3c. Solid models, B-rep only 
4. 
5. 
Solid models of the above three kinds 
Full capabilities including compound B-rep 
La: capability for defining assembly structures 
0. No assembly structure 
The neutral file structure 
Rather than gi\re a detailed description, we have chu-  
sen to outline some issues relevant in the context of this 
article. The structure of the neutral language has been 
formally tlcfiiied in a High-level Data Specification I,an- 
guage. The syntax, translated from HDSL to Backus- 
Naur form. is described elsewhere. " ~ '  
Several ways of regarding the neutral file had to be dis- 
cussed for the implementation of the proposal: 
0 Physical leiel: 'To exchange sequential files between 
computers, a protocol was selected for all working 
groups. For instance, on magnetic tapes such charac- 
teristics as density and hlocking size are fixed. 
0 Metafile leirel: According to the CAD*I project con- 
ventions, all neutral files consist of card image-format 
sequential files. This means that they can be consid- 
ered as a sequence of 80-byte logical records (called 
cards), where each byte contains the binary represen- 
tation of the decimal coded alphabet. 
All CAD*I metafiles have a common format: 
The first card of the metafile is called the header, the 
last, the trailer. Together they constitute an envelope 
for the neutral files included. Thus, on a single CAD*I 
metafile, it is possible to transmit neutral files that 
ivere written according to different formats (such as 
fi4 I E E E  Computer Graphics R, Applications 
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IGES or VDAFS), as well as computer graphics files 
and text files, in addition to CAD*I neutral files for 
solids. 
0 Neutral file level: All neutral files have the following 
general format: 
CAD*I-FORMAT-BEGIN-yyyymmdd <comment > (1 card] 
CAD*I-FORMAT-END-yyyymmdd <comment > (1 card) 
the neutral file contents 
where yyyymmdd is the year, month, and day of 
registration of the neutral format specification at the 
CAD*I project management board. For Version 2.1 of 
the neutral file for solids, yyyymmdd = 19860611. 
0 Letters: A useful neutral file that can be used in con- 
nection with the one described in this article is the 
“neutral letter.” Basically, letters convey information 
and directives meant to be read by humans rather 
than machines. However, they can also be used to 
transfer the source code of programs. As any other 
neutral file, a letter starts with a special header card 
and ends with a corresponding trailer card. 
0 Alphabet level: On this level, a neutral file can be 
viewed as a continuous stream of symbols from the 
basic alphabet. The alphabet of the CAD*I neutral file 
language consists of the set of bytes with ASCII 
values 32 to 126. Nonstandard and national symbols 
are handled with special escape sequences. 
0 Token level: On the token level, valid sequences of 
alphabet characters are defined by the syntax and 
recognized as keywords, delimiters, etc. 
0 Statement level: The neutral file contents can be 
regarded as a sequence of “statements” following a 
determined syntax and having a semantic meaning. 
The statements are made of tokens in a valid 
sequence. A statement always terminates with a semi- 
colon. Statements form the “molecules” of the lan- 
guage. As an example, the structures of the box and 
B-rep entities are expressed in Backus-Naur form as 
they appear in the specification (Version 2.1): 
<box-entity> := BOX (<name): 
<any 
<any 
<any 
<any(real)), (x-dimension) 
real)), (y-dimension) 
real) >,  (z-dimension) 
placement))); (location and 
orientation) 
where < name > , for example, has the form #27 and 
< any(rea1) > means that a real constant-for exam- 
ple, 3.465-or a reference to a previously defined real 
entity can be given. 
<B-rep-entity) := B-REP ((name): OPEN); 
SCOPE; 
<point-entity-list) 
<direction-entity-list> (geometry) 
<curve-entity-list> 
<surface-entity-list> 
<vertex-entity-list) 
<edge-entity-list) 
<loop,entity-list) (toPologY) 
<face-entity-list> 
<shell-entity-list> 
[<index,entry-property-iist)] 
END-SCOPE; 
B-REP (tname):CLOSE); 
where <_list> denotes a sequence of similar 
statements. 
Another important issue concerning the physical file 
is the rule that no entity may be referenced before it is 
defined on the file. According to this rule, CAD*I post- 
processors can, in principle, be coded as single-pass 
compilers. There are two arguments in favor of the use 
of backward pointers only; one is related to efficiency 
and the other to architecture. 
The first argument notes that in a transfer event, as in 
an interactive design session, the data structure in the 
receiving CAD system is built as a sequential process, 
through a large number of steps. After each step, the data 
structure represents a consistent (yet incomplete) model. 
Hence “folding out” or “flattening” a complex data 
structure into a sequence of incremental actions must be 
performed in any case, either in the sending system 
while preprocessing to a neutral format or in the receiv- 
ing system upon postprocessing the neutral file to 
rebuild the data structure. 
If W is the average amount of work required for 
sequentializing a data structure and K is the average 
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i a  
( b )  Pre- and post- 
i 
Figure 8. (a) The object modeled 
in the CAD system, (b) the model 
recovered after postprocessing 
theneutral file, (c) neutral file in 
"compressed" mode as produced by 
the pilot Version 2.1 preprocessor, 
(d) a "pretty print" of the 
same neutral file. 
-&.e, ~ ~ - ~ , ~  y____1__ ~ ~ ~ - ~ ~ ~  ~ I ~ F ~ R H A T ~ E N D ~ 0 1 5 1 0 1 1  
1 
C A O ' I ~ F O R M A T ~ E E G I N _ I 9 E 5 l O l I  
C A D *  I - F O R M A T - B E G  IN- I 9  8 6 0 6  1 1 
M E A O E R I  
' B  P a l s t r i m  og U K r o r z y n s k l ' ,  
' T w c h n i c a l  U n i v e r s i t y  o f  O e n m a r k ' .  
' H o r s k  D a t a  5 3 0  C X ' ,  
' S i n t r a n ' ,  
'l.F.5:TECHNOYISION' . 
' 1 9 8 6 . 1 0 . 2 1 ' , .  
' I C ' ,  
' a ' ,  
' 0 ' .  
' O ' , I , l , 2 1 :  
Y O R L D I O P E N I ;  
Y O R L D _ M E A D E R ~ r 1 . 0 0 0 E - O 3 , *  1.000Et00.*9.210Et04.*9.218E-021; 
S C O P E :  
E-REPI 8 l : O P E H I ;  
S C O P E ;  
P O I N T - C O N S T A H T  
f82:r3,000E*01.-1.132E*01.rl.000E.O1;83:*1.0O0E.01,.1.732E.O1..1.000E*01; 
8 4 : ~ 7 . 0 O O E * 0 1 , * 1 . 7 1 2 E ~ 0 1 . ~ 1 . 0 0 0 E ~ 0 1 ; 8 5 : t 7 . 0 0 0 E ~ 0 1 . - 1 . 1 3 2 E ~ 0 1 . * 1 . 0 0 0 E ~ 0 1 ;  
~ ~ : ~ O . O O O E + O O , . O . O O O E ~ O O , ~ O . ~ ~ ~ E ~ ~ ~ ; ~ ~ : ~ ~ . ~ ~ ~ E ~ ~ ~ , ~ ~ . ~ ~ ~ E ~ O ~ . ~ ~ . O O ~ E . O ~ ;  
10:.1.000E.02,.0.000E~00,.0.000E.00;19:.1.000E.02.-2.000E.OI.~0.000E~00; 
810:r3.000E*01,*O.OOOE*O0,*0.000E~00;811:tl.000E*01.*0.000E~O0,~0.000E~001: 
O I R E C T I O N  
1812:-1.OOOEtOO.+O.OOOEtoo,10.OOOE.OO;8~l:.I.000E*00.r0.000E*00.~0.OOOE.OO. 
8 1 4 : ~ 0 . O O O E 1 O O , t 0 . 0 0 0 E ~ 0 O , r 1 . 0 0 0 E t 0 0 1 ;  
L I N E  
C I R C L E  
1115: 1 2 ,  8 1 ;  8 1 6 :  84, 15; 8 1 7 :  84, 13; 818: 85. 821; 
l t 1 9 : t 2 . 0 0 0 E * 0 1 ,  86, 87.112; #20:*Z.OOOE*01. 88. 8 9 , 1 1 3 ;  
021:+2.000E*01,810. 8 3 , 8 1 3 ;  8 2 2 : + 2 . 0 0 0 E ~ 0 1 . 8 1 1 ,  85,8121; 
B O U H O E O - C U R V E  
PLAHE 
~821:821,rO.OOOE.OO,r2.094E*00; 8 2 4 : 8 2 2 . t O . O O O E * O O . * 2 . 0 9 4 E * 0 0 1 ;  
1825: 16.812; 8 2 6 :  8 8 , 8 1 3 ;  827: 12.#13; 
828. 84,812; 8 2 9 :  84,1141: 
C Y L  IHOER 
V E R T E X  
1 1 1 0 : 1 2 . 0 0 0 ~ + 0 1 . a 1 3 .  061; 
1 8 1 1 :  82; 132: 8 3 ;  133: 84; 834: 15; 835: 1 1 ;  
8 1 6 :  8 9 1 ;  
E06E 
1 8 3 1 : 1 1 5 , 1 3 1 , 8 3 2 ;  8 3 8 : 1 1 6 , 8 1 1 , ? 3 4 ;  8 3 9 : 8 1 1 . 1 1 1 . 8 1 2 ;  1 4 0 : 8 1 8 , 8 3 4 , 8 1 1 ;  
8 4 1 : 8 1 9 , 8 1 5 , 8 3 5 :  1 4 2 : 8 2 0 . ~ 3 6 . ~ 1 6 ;  1 4 3 : 1 2 1 . 1 3 2 . # 1 1 :  8 4 4 : 8 2 4 , 1 1 4 , 8 3 3 1 :  
LOOP 
I845:~/I;141,.1.:1/1; 
0 4 6 : i i i  ::42,.r.:1/1; 
841:f/f:817,.~.:1,f:841,.T.:l/1: 
~ 4 8 : ~ / 1 : 8 I E , . l . : l , f : 1 k 4 , . T . ;  I / ] ;  
149:f/l:110,.F.:1,f:140,.F.:1,1:117,.F.:l,~:839,.T.:1/1; 
850:(/f:841,.F.:I/l; 
851:f/(:#42,.F.:I/l; 
852:l/l:143,.F.:1,~:~40,.T.:1,1:144,.F.:1,~:019,.F.:l/11; 
F A C E  
1 8 ~ 3 : r 2 s . f / 0 4 5 / 1 , . ~ . ;  as4:026,(/#46/1..~.; 
@ 5 5 : 1 2 7 , f / 8 4 7 / 1 . . T . ;  8 5 6 : 1 2 8 , ( / # 4 8 / 1 , . T . ;  
8 5 7 : 8 2 9 . f / 8 4 9 / 1 . . T . :  858:830.1/#50.851,152/1,.T.l; 
S M E L L  
E H O _ S C O P E :  
B - R E P I  1 I : C L O S E I ;  
E N D - S C O P E :  
Y O R L O I C L O S E I ;  
C A O * I L F O R f l A l ,  .~ END 19060611 
C I D * I . . f O R M A T _ .  _EHO- 1 9 8 5 1 0 1 1  
f~59:l/I:~51:1,1:854:1,~:155:1,1:~56:1,l:151:1,f:858:l/1l; 
,. ,~. 
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number of times any neutral file will be postprocessed 
(number of necessary passes) to rebuild the data struc- 
ture, then the benefit from performing the sequentiali- 
zation in the preprocessor rather than doing it in the 
postprocessor is (K - 1)W. Thus the advantage of using 
a strictly sequential file instead of one with “forward 
pointers” becomes evident. 
The second argument for using only backward 
pointers stems from the long-term design philosophy of 
the CAD*I project. It is intended to define a program- 
ming interface to CAD databases similar to the CAM-I 
AIS7 Building up the data structure representing a 
model in a transfer event corresponds to a sequence of 
calls to procedures of the application interface. A neu- 
tral format subject to the define-before-use rule has a one- 
to-one mapping to such calls. Thus, the specification of 
an application interface will be achieved by converting 
the neutral file syntax into one compatible with Fortran, 
C, or any other programming language. 
Examples of solid-model transfer 
The first example is a simple object (see Figure 8a) 
modeled with the Technovision system.I7 Prototype 
processor programs were coded for mapping B-rep- 
based descriptions to and from neutral files (at the Con- 
trol Engineering Institute of the Technical University of 
Denmark, where cycle tests were carried out). These 
processors have levels Lg = 3c (and 3b), La = 0, Lp = 0, 
and Lr = 0. 
The preprocessor reads a boundary model from the 
CAD system database and translates it to neutral format. 
The postprocessor reads the neutral file back into the 
system where the model is recovered (see Figure 8b)The 
neutral file appears as a long sequence of characters 
packed 80 to the line (see Figure 8c). For readability, Fig- 
ure 8d gives a “pretty print.” 
In this cycle test, the only data lost (as compared with 
the original contents of the native database) were the 
sizes of the boxes enclosing the surfaces, for which no 
provision was made in the reference scheme. The size 
of the box enclosing the entire object (the world size) was 
recorded on the worldheader statement by the 
pr$processor, but was not used. These data were not 
essential for recovering the object. Moreover, the inac- 
curacy caused by truncation of real numbers after four 
significant digits was negligible. No further dissipation 
occurred when performing the cycle again. 
Other B-rep models that underwent cycle tests on 
Technovision are shown in Figure 9. 
In mid-1987 the only operational CAD*I postproces- 
sor for B-reps was the one for Technovision. Objects 
modeled on Isykon’s Proren (Figure 10) and Shape Data’s 
Romulus (Figure 11) were transferred to Technovision, 
showing very good visual and dimensional agreement 
and perfect model integrity (number of vertices, edges, 
etc., and their relations). In fact, the design process could 
a b 
Figure 9. B-rep cycle tests on Technovision models: (a) 
“Leg0 brick” and (b) “Hitachi robot.” 
W 
Figure 10. “2*4 module” test object modeled in Pro- 
ren, as recovered in Technovision. 
be continued in the receiving system. 
Because they were prototype implementations, the 
programs were not optimized (performance, computer 
resources), nor were further model verifications 
attempted. All WG2 processors are coded in Fortran 77. 
For reference alone, some statistics on the B-rep 
models above are given in Table 2. The number of cards 
(NC) in the (compressed mode) neutral files include the 
headers and trailers. Real numbers in the files occupied 
12 bytes each (10 bytes/real for the notched cylinder in 
Figure 8). 
The number of vertices (V), edges (E), loops (L), and 
faces (F) serve as a measure of the complexity of the 
model. Following the criterion used by Wilson et al.,’ 
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b 
I O b j e c t  name NC V E L F 5 T t / S I  
Figure 11. (a) “MBB Gehaeuse” and (b) “ANC101” 
modeled in Komulus, as recovered in Technovision. 
Table 2. Postprocessing of CAD*I B-rep neutral files to 
Technovision. 
a b 
~”~~~ ~-~ e-*-* 
Figure 12. CSG solids transferred to Technovision: (a) 
“KfK Robot” originated in Euclid, received by 
Bravo3, and retransmitted to Technovision; (b) “cam- 
era” test object from Euclid. 
Figure 13. “Parametric piston” generated in the GDS 
system, after a cycle test, with different values of the 
LEG0 brick 682 259 371 194 154 184 69 09 shaft angle. The parametric definition is maintained 
in  the transfer via the CAD *I neutral file. 
Notched cylinder 25 
HIIACHI robot 214 81 121 58 49 
H E 8  Gehaeuse 271 109 161 70 57 321 
ANClOl 420 146 199 145 95 440 
2’4 module 918 208 432 216 216 856 7 7  09 
the sum S = V + E + F  is noted. For the MBB Gehaeuse the 
S values are somewhat higher, and for the ANClOl 
models they are somewhat lower than the respective 
ones in that article. This is probably because of differ- 
ences in the degree of detail of the models. According to 
Table 2 ,  the ANC101 model is 35 percent more “coni- 
plex” than the MBB. The number is 63 percent when 
computed from data in Wilson et al.’ 
The processing time T (in seconds) is an overall 
response time on an ND-530 computer, where the tests 
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were conducted. This time is therefore very difficult to 
compare with the CPU time reported by Wilson et al.’ 
for the BFTODB translator. In Table 2 the processing 
time includes the scanning and parsing of the neutral 
file, the actual processing time, and the output to the 
Technovision database. Although the T/S ratio is roughly 
constant, the higher values for the simpler objects sug- 
gest some constant 1/0 overhead. 
Several CSG-based neutral files corresponding to 
objects modeled in the Bravo3 and Euclid systems were 
postprocessed to Technovision. The resulting files are in 
an APT-like language, supported by this system as off-line 
input for CSG solids. Figure 12 shows the recovered 
models. 
Figure 13 shows a parametric part modeled in the Geo- 
metrical Design System, GDS,18 a CSG-based research 
system developed at the Control Engineering Institute. 
The part is a piston assembly whose shape depends on 
the shaft angle chosen as parameter. After a cycle test, 
the parametric structure was recovered in GDS, where 
the angle value was changed. However, only a static “fro- 
zen” model could be recovered in Technovision. 
The status of processor development in 
Working Group 2 
Currently operational CAD*I processor programs 
have been developed at the Control Engineering Institute 
(IFS) of the Technical University of Denmark, the Kern- 
forschungszentrum Karlsruhe (KN), the Cranfield Insti- 
tute of Technology (CIT), and the NEH Consulting 
Engineers A/S of Denmark (NEH). Table 3 gives an 
overview. 
Because they are prototypes, the processors are incom- 
plete in the sense that not all correspond to the latest ver- 
sion (Version 3.3) of CAD*I. Also, only parts of the 
specification were implemented, no test data for 
accuracy checking was included, only preprocessors or 
only postprocessors were coded in some systems, and no 
optimization was attempted. Even so, these programs 
and the tests conducted have provided vital feedback that 
led to modifications in the early specifications and 
produced the first intersystem transfers of B-rep solids 
ever, demonstrating the feasibility of the approach. 
Most processors share the same package of low-level 
routines and the same scanner-parser module. Other 
software tools were also developed in the framework of 
WG2, for example, a utility for handling neutral files and 
letters in a CAD*I metafile. 
The relationship to standardization 
Although they are national standards, the IGES data 
format, SET, and VDAFS have serious limitations. In 
1984 the International Standards Organization, in its 
subcommittee ISO/Tc184/SC4, resolved that a single 
Table 3. Currently operational CAD *I processors 
(solid models). 
Site Pre/Post Type Lg La Lp LI Vendor system 
Applicon 
ltatra Datavision 
lsykon 
Norsk Data 
Control Data 
Shape Data 
SDRC 
Dassault 
- * _  
_ - _  
KfK both CSC 3a 3 la ‘8 BRAVO3 
EUCLID K f K  both CSG 3a 3 0 0 - . _  pre B-rep 3b 3 0 0 
KfK both B-rep 3C 0 0 0 PROREN 
TECHNOVISION IFS both B-rep 3C 0 0 0 
post csc 3a 0 0 0 
NEW both CSG 3a 3 0 1 ICUI 
CIT both B-rep 3c 3 0 2 RONULUS 
UKA both B-rep 3c 0 0 0 GEOMOD 
KfA pre B-rep 3b 0 0 0 CATIA 
_ . _  
(Robotic applications and research systems) 
B-rep 3b 0 0 0 
3a 3 la 2 
Applicon BRAVO3 (ext) KfK pre B-rep 3b 0 0 0 
BYC GRASP IFS post B-rep 3b 0 0 0 
GBSii 
_- 
I GDS rfi ::ii CSG 
worldvYide Standard for the Exchange of Product model 
data (STEP) should be developed. It would be based on 
experience with existing standards, but not on one of 
them alone. STEP is being developed in 
ISO/TC184/SC4/WGl, with active participation by 
France, Great Britain, West Germany, Japan, the Nether- 
lands, Switzerland, and the United States. The US dele- 
gation has been assigned to lead the effort. The CAD*I 
project contributes to this development by actively par- 
ticipating in the national bodies of Great Britain and Ger- 
many and in the IS0 meetings. 
Recently, CAD*I was credited by the inclusion with 
almost no modification of its neutral geometry descrip- 
tion in STEP. Translator programs from CAD*I to a 
preliminary STEP version were coded and tested.Ig 
Thus many of the concepts common to both the CAD’I 
specification and STEP can be tested before the release 
of the latter as an international standard. 
Recent activities 
The CAD*I project, originally planned to last for five 
years, is now close to completion. The latter phase of the 
project, which was concerned with solids, conducted 
intensive exchange tests on models of ever-increasing 
complexity, following upgrades in the capabilities of the 
processor programs. In particular, after the release of 
Version 3.3, the underlying geometry for B-reps was sig- 
nificantly enlarged with the inclusion of wireframes. 
The only curves supported in Version 2.1 were the 
straight line and the circular arc, and the only surfaces 
were the plane and the circular cylinder. The tests were 
intended mainly to identify mapping problems, but they 
helped to discover errors in some of the CAD systems 
themselves. 
Other aspects of the specification were implemented 
and tested. Model verification to measure the reliability 
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of model transfer is an important topic.'" Version 3.3 of 
CAD*I provides for test data in the form of straight lines 
to be intersected with the model and coordinates of the 
expected intersection points. Another criterion is the 
comparison of such integral model properties as surface 
area, volume, and location of the center of mass. Exten- 
sive tests based on this criterion were carried out with 
CAD*I as a neutral geometry interface in a robot weld- 
ing 
Although a full, consistent implementation of all the 
wireframe and surface parts of the specification for B- 
reps is unlikely in the time span of the project, special 
programs to test the stability and accuracy of certain 
representations will probably be included in some 
processors. For instance, CAD * I  processors for 
AutoCAD were coded at IFS to test some aspects of the 
2D geometry part of the specification. 
Conclusions 
The CAD*I specification described in this article is 
one attempt to standardize the interfaces between the 
individual subsystems in a CIM environment. Such stan- 
dardization is requisite in the development of future 
CIM systems, as existing components are replaced by 
more effective ones, leading to the application of mul- 
tivendor systems (the "open system" approach). Stan- 
dardization and modularity will allow companies to 
build CIM systems that suit their needs in size and 
implementation speed. Our presentation of some of the 
results of the CAD*I project outlines one of the Euro- 
pean activities in this context. Overview reports 
presented at the ESPRIT Technical Week conferences 
summarize other results of the project.LL ''
Obviously the integration of computer-assisted 
methods and tools is having an increased impact on 
industry, particularly the mechanical industry. Today 
these computer-assisted systems are implemented on 
heuristic principles. However, we hope that the concepts 
de\eloped by the CAD*I project will contribute to the 
establishment of design rules for CIM systems. We are 
confident that even small companies, vendors, users, and 
in the end consumers will benefit from cheaper, more 
reliable, and better built products. Standardization of 
modules in automation will contribute to make this hap- 
pen very soon. 
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